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ABSTRACT A mode of internal motion of single btypthan, Trp 86, of StWtomyces subtilisin inhibitor, was analyzed from
its time-resolved fluorescence. The intensity and anisopy decays of Trp 86 were measured in the pisecond range. These
decays were analyzed with theoretical expressions dernved assuming that the indole ring of tryptophan as an asymmetnic rotor
rotates around covalent bonds connecting indole with the peptide chain and an effective quencher of fluorescence of Trp 86
is the nearby SS bond of Cys 35-Cys 50. First, the intensity decays at 60, 200, and 400C were analyzed, and then the both
decays of the intensity and anisotropy at 200C were simultaneously simulated with common parameters. Const conceming
geometrical structures of the protein used for the analyis were obtained from x-ray crystallographic data. Best fit between the
observed and calculated decay curves was obtained by a nonlinear least squares method by adjusting a quenching constant
averaged over the rotational angles, kO height of the potential energy, p, and three of six diffusion coefficients, D=, D,f, D,,, D,,
Dyz, and DD,, as variable parameters. The obtained results revealed that the internal motion of the indole ring became faster,
the quenching rate of the fluorescence of Trp 86 was enhanced and the height of potential energy became lower at higher
temperatures, and suggested that Trp 86 was wobbling around the long axis of the indole ring in the protein.
INTRODUCTION
It is well known that in many proteins containing a single
tryptophan fluorescence intensity and anisotropy of the tryp-
tophan decay with nonexponential functions (Beechem and
Brand, 1985). It is important to clarify the origin of the non-
exponentiality in the time-resolved fluorescence of the tryp-
tophan in these systems, not only for elucidating the nature
of the microenvironment surrounding tryptophan in proteins,
but also for understanding the dynamic nature of the protein
structure in detail. For this purpose we have derived theo-
retical expressions for the time-resolved intensity and anisot-
ropy of fluorescence ofthe tryptophan in proteins in previous
work (Tanaka and Mataga, 1987, 1992) and applied them to
the analysis of the fluorescence of erabutoxin b (Tanaka and
Mataga, 1992; Tanaka et al., 1987).
Streptomyces subtilisin inhibitor (SSI) was discovered and
isolated by Sato and Murao (1973) and inhibits preferentially
serine proteases of microbial organ, e.g., subtilisin BPN'.
The protein is a dimer (mol. wt. 23,000) consisting of iden-
tical monomers, which contains a single tryptophan, Trp 86,
per subunit. SSI is one of the proteins of which the structure
and function are the best characterzed (Hiromi et al., 1985).
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Three-dimensional structures of SSI and SSI-BPN' complex
were solved by Mitsui et al. (1979) and Hirono et al. (1984),
respectively.
In the present work we have analyzed the mode of motion
of the indole ring of Trp 86 in SSI by picosecond time-
resolved fluorescence spectroscopy.
MATERIALS AND METHODS
Materials
SSI was purified from the culture fitrate of Streptomyces albogriseolus
S-3253 essentially as described previously (Sato and Murao, 1973). Protein
concentation was determined from ultraviokt absorbance usingA = 0.829
at 276 nm of the solution containing 0.1% SSI at pH 7.0.
Measurement
Fluorescence spectra were measured with a spectrofluorometer (JASCO,
FP-770, Japan). Fluorescence decay crves and anisotropy were measured
with a synchronously pumped, cavity-dumped dye laser and a picosecond
time-correlated, single-photon counting apparatus (Yamazaki et aL, 1985;
Song et aL, 1989). Typical time width of the instrumental response function
was 30 ps. The sample was excited with a vertically pumped, cavity-dumped
dye laser. Fluorescence from the sample was detected at a right angle to the
excitation beam through a Polaroid HNP' B polarizer. The analyzng po-
larizer was set either parallel (Iv) or perpendicular (IH) to the polarized laser
light. A wedge depolarizer was inserted between the analyzing polarizer and
a monochrometer. Time-dependent anisotropy, r(t), was calculated accord-
ing to the following equation:
IVI(t)= 2IH (t)rIv (t + 2IH(t) (1)
The sample was excited at 295 mm and its fluorescence was monitored
at 340 nm Temperature of the sample was controlled with circulating water.
Best-fit procedure
Fluorescence intensities, I, were simulated by convoluting an appropriate
decay function, F(t), namely, multiexponential function or theoretical ex-
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pression obtained by a rotational model with observed excitation pulse E(t).
I (t) = f'E(t')(t t) dt'.c (2)
The difference between the observed and calculated intensity at time ti
was expressed by Eq. 3.
Dev(ti) = I0(t;)- I,(t,) "(ti)/ (i = 1, 2, , n) (3)
whee I(tr) is observed intnsity at ti. Best-fit procede was performed by
adjsting parameters contained in the decay function so as to obtain the
minimum value of a X2 for intensity, x2 ac ing to a method of nonlinear
least squares based on the Marquardt
(4)X'= i IDev(t,)Y.
i=l
When both decays of intensity and anisotropy were simulaneously simu-
lated with common paameter j for isto, XiA was cakalated by the
following equation:
XA= {A.(ti) - Aj(t)}2/nA(t,) (5)
i=1
whereA(ti) andA,(t) are observed and c 2alated ani s at t = ti with
a dtheoical exp ion stated below. In this case toal value of the j,
XD was obtained by a sum of those of intensity and anisotropy.
XT2 = x2 + x2(6A-x~x~ (6)
To make vales of X compaable with X21, 1000 was multiplied by both
A0(t) and Ac(t}) In this case the best-fit pcuLe was applied for XT
FIGURE 1 Geomet arrangemt of indole in SSL The microenvi-
ronmentofTrp 86 is illustedading to the three-dimensional stucture
of SSI (Mitsui et aL, 1979) Molecula coordinate system of SSI is repre-
sented with (x'y'z', in which thez' axis isvertical tox'y' plae (not shown)
The dinate system of indole ring of Trp 86 is denoted with (xyz The
z axis is along C(,-C7 andy axis is in the plane of indoe and per di
to z axs. The x axis is perpendicular to the indole ring The diections of
t ition moments of La state and La state are idicated with - (L) and
n (Li,) respectvly. The dircion of quencher (middle point of SS bond
of Cys 35-Cys 50) is represented with (IqA) of Euler angles in the system
of (x'y'z') The dietion of C,,-C is denoted with (a,p) in the system of
(x'y'z'.
Theoretial model
Tbeoretical expons for both decays of the filorescence inensity and
anisotropy were derived accorig to the following models as described
in detail elsewhere (Tanaka and Matga, 1987, 1992). The indoke ring of
Trp 86 as an asymmeti rotor is covaently bound to the peptide chain m
the spherical protein of SSL Molecular systems are illusrated in Fig. 1.
The indole ring posseses a freedom of motion of intenal rotation de-
scnibed with Euler angls, w = (ya), from the spherical protein system
(x'y'z') to the inxdde system (xyz) It is assumed that an effective
quencher of the fluorescence of Trp 86 is a nearby SS bond of Cys
35-Cys 50. The internal motion was described with a diffusion equaion
of roational analogue of Smouchowski equati (Favro, 1958), and
therein a rotational angle-dependent qucina rate represented by Eq. 7
was intrduced.
kq(a) == ,k 1 Y (aq3q)Y }.(a(3) (7)
where < is the quencing constant of the fluorescence of Trp 86 aver-
aged over rotational angles of a and , and Y,.(a)3) is the spheical har-
monics. aq and q are Euler angles of middle point of the S-S bond meas-
ured in the system of (x'y'z). These vales of a,,Bq were evalumed from
the data of x-ray crystallography of SSI (Mitsui et aL, 1979) and are
listed in Table 1. The second term of the right side of Eq. 7 is a solid
ange between a vector formed by coordinates of the origin (C. of CH2)
and the middle pomt of the SS bond and the z axis. Eq. 7 shows that the
quehing rate is maxnmum when the z axis of the indole rmg directs to
the middle point of SS bond. We implicitly assume here an ectron
transfer from the excited indole to the SS bond as a quenching mecha-
nism. Probably, the eectron transfer could occur from nitrogen atom of
the excited indole, since the eectron density is the highest at the lone pair
on N of the indole ring.
A potential energy for the internal motion was also intoduced in the fofm
of Eq. 8,
V(a4) = 1
-"-t3 a }p)Yiu(ap) (8)
wherep is the height of the potential energy and % and f3p are Euler angles
of C3-Cy expressed in terms of (x'y'z') system, doained also fiom the data
of x-ry crystallography of SSI (see Table 1) The second term of the right
side of Eq. 8 denotes a sold angle between the vector of C.-C. and the z
axis. Accordingy, it is assumed tha the potential energy is mininml when
the drection of C,,-C, is idenicl with that of the x-ay stucture (Misi
et al, 1979).
RESULTS
Anals of the mode of motio with
tim - v intest
Fluorescence decay curves were measured at 6, 20, and 40°C.
First, we have approximated the decay curves with a mul-
tiexponential function as in most work reported (Beechem
and Brand, 1985).
F()zal exp( T'IF(t) oX aex j-')
5=1 T
(9)
Fitting procedure was performed with decay functions of
n = 2, 3, and 4. Best fit was obtained with n = 3 at tem-
peratures of 6 and 20°C, and with n = 4 at 40°C. Obtained
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TABLE 1 Con ts used in the ysis
Diectio of tntion moments
Locatio of energy'
Location of quencher um Absorption Emission
DP' (degree) (degree) (degree) (degree)
(ks-') (ns-') Gq lp 8I E.
0.116 0.0 18 86 68 -40 Variable 90 50 90
* Rate constant independent of the internal rotatio The value is obtained from the bngest lifetime of freetin alliie solution (Jameson and
Weber, 1981)
t Rotatioal diffusion coefficiet of the spherical protein. The value of the diffusion coefficient was con ed to be n l in most analyss, because
the rotational motion of the SSI (moL wt 23,000) as a whole could be sklw enogh compaIr with the time region of the present measurements.
tThe quencher for the fluoscenc of Trp 86 was assumed to be -S-S- of Cys35-Cys5O. The loton of the quencher is taken to be the middle point
between the two sulfur atoms which were determined by x-ay crystabogrphy (Mitsui et aL, 1979)
' Potential energy was mi duced for the rotabonal moionswith Euler angles ofz and 3. (a.3)was obtaned from x-ray crystlelographic data for the direction
of C.-C. of Trp 86.
h1t was assumed that the fluorescence enisson of Trp 86 was from the La-state, and ligbt optio (excitation at 295 mn) lated both La and L. sates
a and e indcate polar coordinates m the (xyz) system The directos of the trnsi moments were obtained hom the previous report (Yamamoto and
Tanaka, 1972).
fluorescence lifetimes (Ti) and their component frations (a.)
are listed in Table 2. The shortest lifetimes were 130 ps at
6°C, 171 ps at 200C, and 13 ps at 400C, and the longest
lifetimes were 1.08, 3.82, and 0328 ns, respectively. The
fiactions of the shortest lifetimes were quite high, 0.424 at
60C, 0.673 at 200C, and 0.300 at 400C. These decays were
unusually fast compared with those ofother proteins reported
(Beechem and Brand, 1985; Tanaka et al., 1987). This should
be due to the quenching by the SS bond of Cys 35-Cys 50,
since it is known that SS bond quenches fluorescence of free
tryptophan in aqueous solution (Konev, 1967). We have ana-
lyzed this quenching dynamics on the basis ofour theoretical
model (Tanaka and Matag, 1987, 1992).
Indole is an asymmetric rotor and therefore diffusion pro-
cess of its internal motion may be described with a tensor of
second rank. The diffusion tensor contains six coefficients,
D, Dyr Da,, D, D.D andD Free rotational motion of an
asymmetric rotor can be described with only D, Dyr and
D=. In the present case, however, this may no longer be true,
since the internal motion is restricted by covalent bonds.
Accordingly, we have chosen three of these six coefficients.
kq, p, and a set of the diffusion coefficients were adjusted to
get the minimum value of X2
The other constants used in the analysis are also listed in
Table 1. The best-fit parameters are listed in Table 3. The
fitting was much worse when D. among diffusion coeffi-
cients was adopted as one of the parameters. Furthermore, it
was also worse when D. was included in the analysis. In-
truction of the potential energy improved the fitting at 60C
and 200C, but not at 40°C. The value ofp which is repre-
sented as dimensionless numeric (energy divided by kT) be-
came lower as temperature was elevated. The internal motion
of the indole ring of Trp 86 should be enhanced at the higher
temperature, and consequentdy a population of Trp 86 with
higher energy in SSI could increase. This may bring about
reduction of the relative height of the potential energy, p, to
kT. At 40°C the value of another coefficent,D. in addition
to D., and D,, increased, while it was negligile at the lower
temperatures. It wggests that feedom of the internal motion
increases at 400C. It should be noted that the values of the
diffuson coefficients increased as the temperature was
raised. This is also reasonable, since the internal motion
should become faster at higher temperature. Averaged
quenching constant over rotational angles, k, also in-
creased as the temperature was elevated, which is again
very reasonable.
Analysi of mode of motion of Trp 86 from both
decays of intenity and anitp wh
common pammlow-
Time-resolved anisotopy of the fluorescence was measured
at 20°C (see Fig. 3). Apparent limiting anisotropy obtained
at the shortest time (100 ps) was -0.15. This is much lower
than the limiting anisotropy of 0.4 expected when the tran-
sition moment of absorption is identical with that of emis-
sion. It decayed to <0.1 witiin 1 ns. The insntaneous de-
polarization from 0.4 to 0.15 may be due to the ultrafast
internal conversion between La and Lb states (Ruggiero et al.,
1990) since the La and Lb bands are overlapped at the ex-
TABLE 2 Decay paramei s obtained with munewnntial decay functions
T (C) TX (ns) al T2 (Bs) % T3 (Bs) a3 T4 (ns) a4 x2
6 0.130 (0.424) 0.833 (0.194) 1.08 (0.381) 2.634
21) 0.171 (0.673) 0.833 (0.282) 3.82 (0.044) 1.148
40 0.013 (0300) 0.090 (0.529) 0.328 (0.164) 1.88 (0-037) 1.284
* Xj between the observed and lated intensiti
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TABLE 3 Bes- puu ers oddie by the uiysisd us h aitydecayd SSI
ff coeffcients (aS '9T k* PI
CC (s-') (k-'T-1) Dyy D. Dy DFD
6 151 0 051 0.08 0.00 452
150 0 052 0.00 0.02 451
3.80 133 2.91 0.81 2.64
20 3.17 0 0.06 0.00 0.24 2.18
3.49 0 0.10 0.21 0.00 1.80
359 0.48 0.03 0.21 1.69
4.07 0.70 1.30 137 1.58
40 9.89 0 1.66 0.00 2.28 1.63
9.80 0 3.77 3.89 155 1.62
9.89 0.07 4.72 5.03 5.00 1.64
* Averaged quehing rate over the rotal angles.
eight of potential eaergy for the inernl rotation of Trp 86. TIe value ofp is expeed dmsionless numeric which was obtaned fom the ergy
beight divided by k.
* Diffion cneaient of the internal rolaioL
'X2 between the observed and caklcuated intensities.
citati wavelength (295 mm) (Weber, 1960; Mataga et al., (long a of the ring) and around an intermediate direction
1964; Valeur and Weber, 1977). Very fast motion of Trp 86 between y axis and x axis. Tne best-fit parameters were
may also cotnbute to the insanta depol aio Both = 3.64 (ns-), p = 0.90 (IkT), D, = 0.13 (ns-), Dxy =
deays ofthe intensity and the anisootpy were analyzed with 0.24 (ns-1) and S. = 940. The values of the difon coef-
common parameters. Dirction of transition moment of ab- ficients were quite different from those obtained by the in-
sorption was repesented by polarcodiates(8., .) and that tensity decay (see Table 3). When the potential energy was
of emission by (Se, Fc) in (xyz) systerm The ransiton mo- introd, the fitting was also improved, as in the analysis
ments were considered to be in the plane of the indole ring of the intnsity. In most analyses, the effect of the deolar-
as shown in Fig. 1. Accordingly, 4Ea = E, = 900 (see Table ization by rotaional motions of the protein as a whole was
1). It was assumed that the fluorescence of Trp 86 was emit- ignored, since the time domain of the depolarization meas-
ted from the L, state (emission was monitored at 340 nm). ured was rather short The fittingwas not improved when the
8, of La state was taken to be 500 (Yamamoto and Tanaka, rotational diffusion coefficient,Dp = 0.023 (ns-'), w taken
1972). However,
a
is not known, because the both states of into acount, which was evahlated from the equatin of
La and La are excited. 8 should be an averaged ane in the Dp = RT/6Vv, where V was molar volume of SSI and
indole plane between the otansition moments of the L, state P viscosity of solvent
and the L. state. Hence, it was varied in the present analysis
as an additional parameter. Obtained parameters are listed in DSCUSSON
Table 4. The fitting was improved when the diffion co-
efficients, D, Dr, and D.. among the six coefficients were The usual physicochemical properties of SSI and its complex
included in the analysis of the intensity decay. D, was neg- with BPN' are well haracterized (Tonomura et al., 1985).
ligibly small. These results indicate tht the inteal motions The fluorescence emission peak ofTrp 86 in SSI is observed
of the indole ring of Trp 86 are taking place around y ais at 340 am upon excitation at 295 am (Uehara et al., 1976).
TABLE 4 Best-fit pounstsr otnsd by s__WLrneous siullon of the dqecas of bdth biunity aud muisobropy of SSU*
Diffusion aeffwicit (ns 1) 8
.
(ns') (k-1T-) D,, D. D, D3 D. (degree) XT2 2
3.52 0 0.21 035 0.086 90 4.67 1.82 11.69
3.55 0 0.11 0.23 0.095 95 3.61 1.71 8.29
3.65 0.98 0.14 0.25 0.001 94 352 1.67 806
3.65 0.98 0.14 0.25 94 352 1.67 806
3.64** 0.90 0.13 0.24 94 3.52 1.68 8.05
Temperature was 20 °C( Notations are the same as those in Table 3.
Anle between the z axis and the tansito moment of absor (exctation at 295 nm) in the indole ring
' X2 for total data points of decays of the itensity and anis obtaed by Eq. 6.
X2 for the intensity decay obtained by Eq. 4.
'12 for the anisotropy decay dotined by Eq. 5. Both values of the observed and the i e anisot were mulplied by 1000 in order to obtain
cm l valoes of X2 with those of X2
**Rotatioal diffusion coeffient of spherical protein, D. = 0.023 (ns-') was intochced into the theoretical equations. The vaue of Dwas evaLated
rm the equation ofD = RT/6Vi, where Vis molar volume of SSI and viscosi of sovenL
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The quantum yield of the Trp 86 fluorescence is 0.014 at pH
7.0 and 0.049 at pH 2.8, while that of free tryptophan is 0.20.
It drasically increases at pH below 3. Effective quencher for
the fluorescence is considered to be the SS bond, since the
reduction of it with NaBH4 leads the fluorescence enhance-
ment. Although the mechanism of quenching by SS the bond
is not very clear at present, a weak charge tansfer from the
excited indole ring to the SS bond (Mataga, 1981) or heavy
atom effect by sulfur or both of them might be responsible
for it Fluorescence lifetime has been also measured with a
nanosecond pulse fluorometry and analyzed with a two-
exponential decay fimction. The lifetimes reported are 0.4 ns
and 5.5 ns (Hiromi and Miwa, 1985). The three-dimensional
ture of SSI (Mitsui et al., 1979) is shown in Fig. 2. The
extent of exposure of the indole ring to solvent molecules in
crystal was calculated to be 12%. Fluorescence quenching
experiments with trichloroethanol revealed that the extent of
Trp exposure in the native state relative to that in the de-
natured state is 22% (Komiyama and Miwa, 1980).
In the present work, modes of motion of the indole ring
of Tmp 86 in SSI were examined on the basis of its time-
resolved fluorescence. Analyses were first performed on the
intensity decay and then on both intensity and anisotropy
decays. From the intensity decay it was found that 1) D,, and
D., among the six diffsin coefficents were appreciable at
6 and 200C and additionally D,, at 40°C; 2) the intouction
of potential energy in the analysis improved the fitting of the
calculated decay curves with the observed acrves; 3) ko, and
the difsion coefficients increased and height of the poten-
tial energy, p, decreased, as eature was raised. These
results may be reasonable, sin komally increases at
higher temperatur, and the internal motion of the indole
FIGURE 2 Thre-dimezsioastru-
tme of SSL SSI is a dimer coniting r
of identical subunits. This illts
one of the subunits. Trp 86 is in the
hydrophobic envirnment and is oov-
ered manly by the side chain of Gin
87 (Mtsu et al, 1979)
ring should become faster and easier in the protein as the
temperature is raised. It should be noted that only the dif-
fusion coefficients related to the y axis seem to be important
and give definite values. This suggests that the internal mo-
tion of the indole ring is wobbling around the y axi
(Kinoshita et al., 1977; Lipari and Szabo, 1982). Both decays
of the intensity and anisoopy were also satisfactorily simu-
lated with common parameters. Conclusions on the nature of
the motion of the indole ring derived by the analysis of the
intensity decay were not altered by this analysis, although the
absolute values of the diffusion coefficients were modified.
The averaged angle, 8,, was obtained to be 940. The angle
between the z axis and tanition moment of the La state was
reported to be ~50° and that between thezaxis and tansition
moment of the Lb state to be - 140° (Yamamoto and Tanaka,
1972). The obtained value of 8a sggests that both La and Lo
states are evenly excited at the excitation wavelength (Valeur
and Weber, 1977).
The interal motion of Trp 86 has been also investigated
by using a deuterium-labeled SSI with NMR spectocopy
(Akasaka et al., 1988). In this work, hydrgen atoms of the
indole ring at 5 and 1 positions of Trp 86 were selectively
labeled with deuterium. Itwas found that Trp 86 displays two
kinds of NMR sig a broad band with an effective cor-
relation time of 14 ns and a narrow band with that of 0.13
ns at 250C. It was concluded that in the solution of free
SSI, "tight" and "loose" forms coexist in an equilibrium
and the rate of transformation between the two conform-
ers should be <80 s-'.
The following are, so far, considered to be the origin of the
nonexponential decay in the fluorescence intensity observed
in a protein containing the single tryptophan: 1) a hetero-
878 B,-t
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0.O13r'- ~~
0 0.2 0.4 0.6 0.8 1.0
t / ns
C1~ ~ ~ ~ ~~~
0 1 2 3 4. 5
t / ns
FIGURE 3 Tiue-resolved fluorescence of Trp 86 of SSI. Observed
anisotries and intensities are shown with closed circles. The both decays
were simultaneously simated with common parameters Calculated
anisotroies and mtensities at the best-fit paamete are indicated with solid
curves. Deviatons of the itensiis were obtained with Eq. 3. Deviations
of the anisories were obtained with the equaion
DevQt1) = {OA(ti)
-ACt)j/N (t,),
whereA0(t) andAjft) are the observed and calculated anisotries at t, The
both vahles of the observed and the allated anisotropies were multiplied
by 1000 to obtain values of X2 cmparable with those of x. Obtined
parameters are listed at the last line of Table 4. SSI was dissolved into
0.1 M phosphate buffer at pH 7.0 (-0.1 of absorbance at 280 nm). The
temperature was 20°C.
geneous distribution in the orientation of the indole ring in
the proteins with a few discrete lifetimes (Szabo et al., 1983)
or continuous lifetimes (Alcala et al., 1987a,b); 2) a solvent
relaxation of the surroundings of tryptophan; 3) an internal
motion of the tryptophan in the protein (Tanaka and Mataga,
1982, 1987, 1992; Tanaka et al., 1987). Recently, many
workers have attempted to interpret the time-resolved inten-
sity (Henry and Hochstrasser, 1987) and anisotropy (Henry
and Hochstrasser, 1987; Ichiye and Karplus, 1983; Lin et al.,
1988; MacKerell et al., 1989; Axelsen et al., 1988; Axelsen
and Prendergast, 1989) in terms of the method of molecular
dynamics. However, it has been so far difficult to simulate
quantitatively the both decays at once. It is important to point
out that both observed decays of fluorescence ofTrp 86 were
able to be reprouced with our theoretical exrpressions de-
rived for the model system stated above. The present results
support the mechanism that the nonexrponentiality in the in-
tensity decays originates from the internal motion of tryp-
tophan in proteins. In general, the quenching rate should be
dependent not only on the mutual orientation but also on the
disance between the quencher and the indole, whatever the
quenching mechanism is. Although in the present model the
dependence of the quenching rate on the distance was not
taken into account, the above results suggest that the mutual
orientation between the fluorescer and the quencher group is
the most important factor for the quenching of tryptophan
fluorescence in this protein.
We are indelned to the Computer Center, Institute for Molecular Science,
for use of the HITAC M-680 computer.
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